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We report on the spontaneous noncovalent functionalization of carbon nanotubes with hydropho-
bic porphyrin molecules in micellar aqueous solution. By monitoring the species concentrations with
optical spectroscopies, we can follow the kinetics of the reaction and study its thermodynamical equi-
librium as a function of the reagent concentrations. We show that the reaction is well accounted
for by a cooperative Hill equation, reaching a molecular coverage close to a compact monolayer for
a porphyrin concentration larger than a diameter-specific threshold concentration. The equilibrium
constant is measured for 16 nanotube chiral species. The Gibbs energy of the reaction (of the order
of -40 kJ/mol) and its evolution with the nanotube diameter is consistent with theoretical calcu-
lations of the binding energy. This thermodynamical study shows a strong preferential binding of
TPP molecules to larger diameter nanotubes. This original curvature selectivity can be used to
induce diameter selective species enrichment.
INTRODUCTION
Carbon nanotubes (NTs) are original nanocarbon ma-
terials with attractive mechanical, electronic, optical and
thermal properties. Owing to their unique single atomic-
layer structure, the chemical functionalization of their
sidewall is a valuable handle to deeply engineer their
physical properties by making use of the versatility of
organic chemistry. In the pi-stacking approach, the con-
jugated core of the organic molecules mildly interacts
with the pi orbitals of the NT. This scheme is extremely
promising since it mostly preserves the intrinsic elec-
tronic properties of the nanocarbon while introducing a
strong interaction with the ligand, which ensures a good
chemical stability. For instance, by using dye molecules
it is possible to tune the light absorption and emission
features of the compounds in view of bio-labeling or light-
harvesting applications [1–4]. In particular, hybrid com-
pounds of NTs functionalized with free-base tetraphenyl-
porphyrin monomers (TPP) show remarkable photo-
physical properties with highly efficient energy transfer
for all chiral species of nanotubes [5, 6]. Nevertheless,
a consistent understanding of the supramolecular com-
pound formation and stability is still missing, though
highly desirable to elaborate better molecular designs
and synthesis protocols.
In this paper, we report on the kinetics and equilibrium
properties of the noncovalent binding reaction of TPP
monomers (Figure 1d) onto single-wall nanotubes encap-
sulated in cholate micelles. We bring evidence for the
completion of a compact monolayer of TPP monomers
on the nanotube sidewall with reaction constants in good
agreement with recent calculations [7]. In contrast to
previous studies reporting the wrapping of NT into so-
phisticated polymers [8, 9], the general significance of this
study lies in the structural simplicity of the ligand and in
the generic interaction involved in the functionalization
(pi−stacking). Even with such a small and symmetrical
molecule, we observe an original and striking NT diame-
ter dependence in the adsorption affinity that opens the
way to easy, reversible diameter-selective functionaliza-
tion. Finally, we show that one can make use of this se-
lectivity to achieve efficient diameter selective enrichment
of the nanotube mix with the help of ultra-centrifugation.
EXPERIMENTAL RESULTS
Methods and materials
All the hydrophobic species – NTs and TPP monomers
– involved in this study are dispersed in water using
sodium cholate. In fact, such bile salt surfactants are
known and widely used to yield effective individualiza-
tion of NTs with a large stability over time [10–12]. The
stock HiPCO nanotubes solution is made from a com-
mercial nanotube powder (Nanoledge) incorporated at a
concentration of a few tenths of mg/mL in an aqueous
pH8-buffer solution with 2% wt sodium cholate. The mix
is sonicated with an ultrasonic tip for 1.5 hour at 4 ◦C and
then ultracentrifugated for 1 hour at 120000 g. A stock
micelle suspension of TPP solution is obtained from a
mix between a similar aqueous pH8-buffer solution with
sodium cholate and a high concentration solution of TPP
in dichloromethane (1 mg/mL) in a relative proportion of
10:1. The immiscible phases are mixed together using an
ultrasonic tip at 12 ◦C until complete evaporation of the
organic phase. Different dilutions of this stock solution
are used in the titration protocol. The same surfactant
wrapping scheme is used to solubilize the non-covalently
functionalized compounds based on NTs (Figure 1e) and
to increase their stability up to several months [13, 14].
The kinetics of the functionalization reaction is moni-
tored by using the specific spectroscopic features of both
2the TPP molecule and the nanotube and of their changes
upon functionalization by means of photoluminescence
(PL) and absorption spectroscopies. Absorbance spectra
are obtained with a commercial 2-channel spectrometer
(Perkin-Elmer Lambda 900). Photoluminescence excita-
tion (PLE) maps are obtained with a home-made setup
in a 90 degree geometry, where excitation is provided by
a monochromator-filtered Xe lamp (spectral full-width at
half-maximum of 5 nm). The detection is achieved with
a 30 cm spectrograph coupled to an InGaAs detector
(Princeton Instruments OMA V).
To assess the thermodynamical parameters of the re-
action, we studied the equilibrium composition of a set
of solutions obtained by mixing fixed volumes of a stock
NT solutions with TPP solutions of increasing concen-
trations.
Kinetics of the reaction
The temporal evolution of the absorbance of such a
mix of TPP and NT micellar suspensions is presented in
Figure 1a,b. The E11n,m optical resonances of the differ-
ent (n,m) species of carbon nanotubes are observed in
the near-infrared window, while the large absorption line
at 2.95 eV corresponds to the Soret band of free TPP
monomers. A spontaneous evolution is observed within
several hours, that can be interpreted as the progressive
incorporation of the TPP monomers inside the micelles
containing a NT, leading to the functionalization of the
NT sidewall. An increasing redshift of the E11n,m tran-
sitions of NTs is observed over time (Figure 1a). This
shift is interpreted as an increased dielectric screening
of the E11n,m excitonic states due to the presence of the
TPP in the near vicinity of the tubes [15]. In the same
time, the amplitude of the TPP Soret band at 2.95 eV is
decreasing, while a new line at 2.82 eV is growing (Fig-
ure 1b). The isobestic point at 2.9 eV reveals the pro-
gressive transformation of a species into another, here
free monomers of TPP into TPP monomers bound to the
nanotube wall. This shift of the absorption spectrum of
bound TPP is attributed to the conformational change of
the four phenyls in TPP molecules due to the interaction
with the NT surface [13].
The absorbance ratio of these two peaks is used to
quantitatively monitor the kinetics of the reaction (Fig-
ure 1c). A relatively slow kinetics with a time constant
of several days is obtained (Figure 1c). This can be
understood owing to the fact that the micelles have to
merge prior to the interaction between the monomer and
the NT, preventing a faster adsorption [16]. This reor-
ganization of the cholate micellar structure is actually
associated to a large activation energy of the order of
50 kJ/mol [17]. This kinetics can be drastically acceler-
ated, down to a few hours, using conventional methods
such as taking one reagent in large excess, soft heating
or soft sonication (by placing the spectroscopic cuvettes
in a thermo-regulated sonication bath) (Figure 1 (c)).
Interestingly, we can compare this spontaneous mech-
anism to another functionalization process reported
in a previous paper, the so-called micelle swelling
method [13]. In this scheme, an organic solvent
(dichloromethane) is used as a vector for the hydrophobic
monomers to enter the core of the micelles containing the
nanotubes by means of ultra-sonication. We note that in
the end, all the processes yield suspensions with identical
proportions of stacked TPP (Figure 1c), which brings a
strong evidence that the thermodynamical equilibrium is
reached in all cases.
Thermodynamical equilibrium
In the following, we focus on the equilibrium state
of the suspensions, sampling a wide range of reagent
concentrations in order to assess the thermodynamical
parameters of the reaction. The functionalization re-
action is described with a simple binding mechanism :
CS+TPP −⇀↽ CS/TPP , where CS (Carbon Site) stands
for the sites available on the nanotubes, TPP stands for
the single TPP monomer and CS/TPP for the filled
sites. We make use of the Hill formalism, introducing
-for each (n,m) NT species- the reaction constant Kn,m
and the Hill coefficient hn,m. The Hill coefficient ac-
counts for the cooperative nature of the reaction. It is
used for instance in the description of the binding of lig-
ands onto proteins [18]. This approach has previously
been introduced with success to describe the competi-
tion between different wrapping molecules in nanotube
solutions [2, 19, 20]. Note that this description ignores
the micelle cap for all the reagents and products. In fact,
the thermodynamical parameters we actually measure in
this experiment are related to the substitution of a sur-
factant molecule on the nanotube wall by a TPP molecule
surrounded by the surfactant shell. However, by chang-
ing the nature of the surfactant (we used SDS instead
of cholate), we found similarly a spontaneous function-
alization with a comparable reaction constant (see SI).
Since the structure of those two surfactants is very dif-
ferent, this shows that the reaction is mainly driven by
the NT/TPP interaction.
The chemical composition of the suspension at equilib-
rium can be monitored using the specific photolumines-
cence signatures of the reagents and products. In par-
ticular, since the PL of the TPP molecules is completely
quenched once they bind to the nanotube due to ultra-
fast energy transfer [6], the free TPP concentration can
be assessed by comparing the TPP Q band PL intensity
to that of a reference TPP micellar suspension of known
concentration. In addition, PL excitation measurements
(PLE) allow us to single out the different chiral species.
Each spot in the PLE map (Figure 2a) corresponds to the
31 1.1 1.2 1.3
0.03
0.04
0.05
0.06
Energy (eV)
O
pt
ica
l d
en
sit
y
t0
t0 + 0.5 h
t0 + 1.5 h
t0 + 8 h
t0 + 24 h
t0 + 120 h
(a)
2.7 2.8 2.9 3 3.1 3.2
0.1
0.2
0.3
0.4
Energy (eV)
O
p
ti
c
a
l
d
e
n
s
it
y
(b)
A2.82eV
A2.95eV
0 20 40 60 80 100 120
0
0.5
1
1.5(c)
Time (h)
A
2
.8
2
e
V
/
A
2
.9
5
e
V
0 2 4 6
0
0.5
1
1.5
FIG. 1. Kinetics of the adsorption reaction. (a,b) Evolution over time of the absorbance spectrum of an almost stoichiometric
mix between micelle wrapped TPP and micelle wrapped HiPCO nanotube suspensions, respectively on the infrared and upper
visible range. (c) Evolution over time of the ratio between the absorbance of the peaks relative respectively to the bound and
free TPP monomers for a mix left at rest (open dots) or under soft ultrasounds and heating at 40C (red squares). A zoom on
the first 6 hours is shown in the inset. The dashed blue line corresponds to the value obtained with the micelle swelling method
(see text). (d) chemical sketch of the TPP monomer. (e) Schematic representation of the micelle wrapped functionalized
compounds, side and tridimensional views.
resonant response of a specific species that can be iden-
tified by the pair of optical transition energies (E11n,m,
E22n,m) following the scheme developed in [10]. The func-
tionalization extent of a specific (n,m) species can be
deduced from the spectral shifts of its E11n,m and E
22
n,m
lines (Figure 2b).
Another original feature is observed for an excitation
energy of 2.85 eV, corresponding to the absorption at the
Soret Band of adsorbed TPP monomers. In this case, the
PL mechanism leading to the emission of the NTs in the
near-infrared involves an efficient energy transfer from
the TPP to the NT [6]. This transfer is quantitatively
assessed through the ratio Rn,m between the PL inten-
sities at E11n,m as measured in the case of an excitation
through the energy transfer from the TPP molecules and
in the case of a direct excitation on the intrinsic E22n,m
transition [21].
Figure 3(a and b) exemplifies the spectral shifts of
the E11n,m, E
22
n,m transitions in the particular case of the
(6, 5) NT species, along with the transfer ratio R6,5.
All of these three parameters show a similar trend with
a threshold and a clear saturation for high TPP con-
centrations. Actually, these parameters directly reflect
the amount of the TPP monomers that are bound to a
nanotube. This saturation behavior strongly supports
our model where a limited number of adsorbing sites
are available on the nanotubes wall which tend to be
completely filled at high monomer concentrations. The
absence of additional spectroscopic signatures at higher
TPP concentration rules out the building of additional
layers of TPP. This observation made on the (6,5) species
is representative of the observations made for all the other
NT species in our sample (see S.I.).
Assessment of the coverage
To quantitatively evaluate the number of binding sites,
and therefore the maximum TPP coverage on the NTs
we need to assess the concentration of the NT suspen-
sions. We make use of a (6, 5) highly enriched solution
(NanoIntegris). Quantitative evaluation of the NT con-
centration is performed with absorbance measurement
(see SI) building on the knowledge of the E226,5 absorp-
tion cross-section [21–23].
By monitoring the equilibrium concentration of the
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5free TPP in a series of samples made with increasing
initial TPP concentration, we observe a nonlinear pro-
file (Figure 3b). At high concentration, a linear asymp-
tote with unitary slope is observed. This observation is
typical of a spontaneous total reaction : in a first step,
most of the TPP molecules introduced in the solution
bind to the NT wall, leaving a limited equilibrium TPP
concentration. Once the surface is fully covered, all the
additional TPP molecules introduced in the solution re-
main free, leading to this linear behavior. Therefore, the
threshold concentration is directly related to the num-
ber of binding sites on the nanotube surface. We note
that this threshold concentration is similar to the one
observed for the saturation of the energy shifts and of
the energy transfer ratio, giving a consistent picture of
the reaction (Figure 3(a and b)). Using the TPP and
NT initial concentrations (see S.I.), a fit to the data with
the Hill formalism gives a maximum molecular coverage
per unit length of nanotube of N = (2300± 700) µm−1.
This result is compatible with a compact monolayer cor-
responding to a coverage N ' 1900 µm−1 (for a 3 TPP
ring pattern) or N ' 2500 µm−1 (for a 4 TPP ring pat-
tern, Figure 1e) and a pitch of 1.6 nm between two TPP
rings along the tube axis (corresponding to the size of
the monomer plus the van der Waals distance between
the monomers) [7].
DISCUSSION
Binding energy
We now turn to the estimate of the reaction constant
for each chiral species. To this end, we make use of the
spectral shift observed on the (E11n,m,E
22
n,m) resonances.
The ratio of filled vs total (empty + filled) sites at the
surface of a given nanotube species (that is the reaction
extent Xn,m for this species) is evaluated from the nan-
otube PL intensities (integrated over a 10x20 meV square
window in the (E11, E22) space) at the shifted and un-
shifted peaks (Figure 2b). The evolution of the reaction
extent as a function of the equilibrium TPP concentra-
tion is presented in Figure 3d. The fit of our model to the
experimental data gives the reaction constants Kn,m and
Hill coefficients hn,m. The evaluation of these parameters
is performed for 16 chiral species. Note that the use of
the previously introduced transfer ratio Rn,m to monitor
the reaction extent for each species gives similar results.
However, the former method is more general since it does
not rely on the existence of an energy transfer but only
on the energy shifts that are systematically induced in
functionalization processes. We find Hill coefficients con-
sistently larger than one (< hn,m >' 2.3 ± 0.8), mean-
ing that the binding reaction is cooperative and that the
transition between pristine and functionalized tubes is
steep. This cooperativity may stem from local interac-
tions between adsorbed monomers that would ease the
formation of a compact monolayer. This is consistent
with recent DFT calculations showing a substantial gain
in binding energy when monomers form a ring around
the nanotube [7].
We obtain large reaction constants Kn,m ranging from
2 × 106 to 2 × 107, in good agreement with previously
reported values on similar functionalized compounds [2].
These reaction constants are plotted against the species
diameter in Figure 3c. This study brings out a strong
and monotonic diameter dependence. We find an in-
crease of Kn,m of more than a decade for diameters rang-
ing from 0.75 to 1.1 nm. Here again, the actual reac-
tion constant we measure is related to the substitution
of cholate by TPP on the nanotube wall. However, it
has been established that the affinity of cholate to nan-
otubes hardly depends on the nanotube diameter [8, 17].
Therefore, we ascribe this diameter dependence to the
TPP/nanotube interaction. This evolution is interpreted
as an increase of the effective pi − pi interaction between
the aromatic monomer and the nanotube wall when re-
ducing the curvature of the nanotube. We emphasize
that this strong species selectivity is observed for small
and symmetrical monomers, in contrast to the long poly-
mer chains generally used to yield similar specific species
wrapping [19, 24, 25]. Interestingly, this non-covalent
affinity trend is in complete opposition with the one ob-
served for the covalent reactivity, which is known to be
larger for smaller diameters due to the stronger carbon
atom pyramidalization [26].
The reaction constant is associated to a standard
Gibbs energy for each chiral species. We observe a mono-
tonic decrease of this Gibbs energy with increasing diam-
eter (Figure 3c) with values ranging from -36 kJ.mol−1
for 0.75 nm diameters down to -41 kJ.mol−1 for 1.1 nm
diameters. This Gibbs energy ∆rG
◦
n,m is related to the
standard enthalpy ∆rH
◦
n,m and entropy ∆rS
◦
n,m of the
reaction through −RT ln(Kn,m) = ∆rG◦n,m = ∆rH◦n,m −
T∆rS
◦
n,m where R = 8.3 J.mol
−1.K−1 is the ideal gas
constant and T is the temperature. The microscopic
binding energy of a TPP monomer to the nanotube is
related to the enthalpy of the reaction which could in
principle be assessed by changing the temperature of the
reaction. Unfortunately, in the present case, we could
not carry out this study on a sufficiently large temper-
ature range, essentially because of the strong sensitivity
of the micelle environment to temperature changes (the
critical micellar concentration of sodium cholate is indeed
changing rapidly in this temperature range [27]).
Theoretical studies have predicted a large binding en-
ergy between a TPP monomer and a carbon nanotube, of
the order of 100 kJ/mol [7, 28]. This value cannot be di-
rectly compared to the experimental Gibbs energy since
the entropic term may play a significant role. However,
it is interesting to note that both the experimental and
theoretical approaches agree on a steady increase with
6the nanotube diameter. In fact, by using a linear fit to
the data of Figure 3c, we obtain a variation of the order
of 2 kJ/mol/A˚ (20 meV/A˚). This value compares well to
the change of binding energy obtained from DFT calcu-
lations [28] of the order of 40 meV/A˚. Therefore, we can
deduce that the entropic contribution to the Gibbs en-
ergy is either diameter independent or that its variations
follow the same trend as for the binding energy. In both
cases, the practical consequence is an increased stability
of the supramolecular compound for larger diameters.
APPLICATION TO DIAMETER FILTERING
Such a diameter dependence of the adsorption reaction
leads to the preferential functionalization of the larger
diameter NTs in a suspension. In addition, the coopera-
tive character of the reaction results in steep transitions
when increasing the TPP concentration which leads to
quasi sequential functionalization of increasing diameter
nanotube species. Here, we show how to make use of this
unique property in order to achieve an effective low-pass
diameter filtering of an as-grown polydisperse sample.
We use the previously described functionalization pro-
cess on a nanotube suspension showing a broad diameter
distribution with a low TPP concentration so that TPP
is the limiting reagent. This leads to the selective func-
tionalization of the larger diameter species. The cut-off
diameter is directly controlled by the initial TPP con-
centration. The partially functionalized solution is then
centrifuged at 120, 000 g for 5 hours. Due to the slightly
lower buoyancy of the functionalized NTs, they tend to
sediment at the bottom of the tube leaving a supernatant
enriched in the lower diameter species.
As a proof of concept, we apply this protocol to a com-
mercial HiPCO solution and use the PLE resonant in-
tensities to evaluate the species relative abundance : we
evaluate the relative suppression of a given species by
comparing the integrated PL intensity of this species in
the PLE map before and after the sorting process (see
SI). Figure 4 shows a relative suppression of up to one
order of magnitude for the species with a diameter larger
than 0.82 ±0.01 nm for an initial TPP concentration
[TPP ] = 3µmol.L−1. By tuning the initial TPP concen-
tration to [TPP ] = 1µmol.L−1 we are able to bring the
diameter edge to 0.87 ±0.01 nm. Such a sub-nanometer
fine tuning is possible owing to the strong diameter de-
pendence of the reaction constant and to the cooperativ-
ity of the reaction (hn,m > 1). We note that the lower di-
ameter nanotubes are not functionalized in the end of the
process, which can be valuable for applications target-
ing pristine nanotubes. Reciprocally, the larger diameter
fraction consists of functionalized nanotubes. However,
in contrast to alternative approaches obtained by selec-
tive wrapping of NTs with polymeric surfactants such
as DNA [24] or PFO chains [25], our protocol allows an
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FIG. 4. Relative reduction of the resonant PL intensity of dif-
ferent species, between a stock HiPCO solution and the same
solution after partial functionalization followed by a 5 hour
centrifugation (120 000 g). Two different monomers concen-
trations (1 µmol.L−1, red or 3 µmol.L−1, blue) give different
diameter selectivity. The vertical lines highlight the cut-off
diameter for each TPP concentration.
easy recovery of the pristine chirality enriched NTs using
a regular rinsing process on PTFE filters, due to the high
solubility of TPP monomers in organic solvents.
CONCLUSION
In conclusion, we have shown that the non-covalent
functionalization of the sidewall of nanotubes with TPP
monomers yields a single layer structure with a higher
affinity for larger diameter nanotubes. We have gained
insight into the microscopic mechanisms at stake in the
synthesis of noncovalent carbon-based hybrid compounds
through thermodynamical monitoring of the reaction. Fi-
nally, we demonstrated an original scheme for diameter
filtering of polydisperse nanotube samples by making use
of this chemical selectivity. We achieved a fine control
over the target diameter simply by adjusting the TPP
concentration. Further optimization of the process may
pave the way to large scale efficient diameter sorting of
nanotubes species for opto-electronic applications target-
ing a specific working wavelength.
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